We analyzed 27 Listeria monocytogenes strains of serotypes 1/2b and 4b, from invasive and gastroenteric listeriosis, for molecular and experimental virulence. Molecular virulence was tested by PCR for the presence of 8 major virulence-associated genes and genetic polymorphisms through restriction enzyme analysis; genomic DNA typing using pulsed-field gel electrophoresis was also performed. Experimental virulence was evaluated through intra-peritoneal and intra-gastric mouse virulence assays. Our results showed no significant differences in the virulence-related molecular properties of the strains analyzed. All strains were equally pathogenic following intra-peritoneal inoculation of mice. In mice inoculated intra-gastric with 4 representative strains of the 2 types of listeriosis, there were no significant differences in the bacterial count when comparing invasive and gastroenteric strains, suggesting that the strains were comparable in terms of mean oral infectivity.
Introduction
Foodborne listeriosis results from the ingestion of foods contaminated with the microbial pathogen Listeria monocytogenes. In adults, two main forms of the clinical syndrome have been described [1] : invasive listeriosis and gastroenteric listeriosis, the latter having been recognized only recently, following the identification of L. monocytogenes as the causative agent of several episodes of febrile gastroenteritis [2] [3] [4] [5] [6] [7] [8] [9] [10] . The two clinical forms differ in terms of clinical spectrum, target population, infectious dose, and incubation time [11] .
Traditionally, the pathogenic mechanism of L. monocytogenes in invasive listeriosis has been described as a four-step process affecting either non-professional phagocytes (intestinal epithelial cells and hepatocytes) or professional phagocytes (macrophages), as follows: adherence and internalization; escape from the phagocytic vesicle into the host-cell cytoplasm; multiplication and movement through polymerizing actin filaments; and spread to the adjacent cells [1] . Each step is governed by one or more specific virulence factors produced by L. monocytogenes, which are encoded by distinct virulence-associated genes [12] . In susceptible individuals (e.g., immunocompromised individuals, the elderly, and pregnant women) even low quantities of cells ingested with contaminated food can cross the intestinal barrier, enter the circulation, multiply in the liver and spleen and, in the absence of an adequate immune response, spread to the target organs (i.e., the central nervous system and the placenta) [1] . In healthy individuals, extremely high quantities of cells cause invasion of the enterocytes in the intestinal tract, with consequent gastro-enteritis and fever, yet with no apparent progression to systemic infection [11] . It is well established that the altered immune response of people who get involved, or the high number of listeriae ingested play the major roles in the invasive or gastroenteric clinical outcomes, respectively. However, the possibility exists that differences in the virulence of strains might also contribute to the diverse clinical manifestations.
In vivo animal studies and cell cultures have shown that L. monocytogenes strains display variation in virulence [13] [14] [15] [16] . Molecular analyses, including the detection of polymorphisms in known L. monocytogenes virulence-associated genes, and genomic DNA typing, also have some predictive value for L. monocytogenes pathogenicity, as demonstrated by the association found between subtypes and the virulence of strains [16, 17] .
In the present work, we analyzed 27 strains of serotypes 1/2b and 4b, from invasive and gastroenteric listeriosis, and 3 atypical non-human strains which lack expression of virulence, comparing the genetic polymorphisms in 8 major virulence-associated genes and the pulsed-field gel electrophoresis (PFGE) profiles of genomic DNA. To evaluate pathogenicity, all strains were tested with a mouse intra-peritoneal (i.p.) injection virulence assay. We also evaluated the oral infectivity of four L. monocytogenes isolates from invasive and gastroenteric listeriosis in A/J mice treated with pentobarbital, which have recently been shown to be a suitable murine model for orally acquired listeriosis [18, 19] .
Materials and methods

Bacterial isolates
Most of the L. monocytogenes isolates (Table 1) were from the culture collection of the Istituto Superiore della Sanità (ISS). Twenty-seven were of clinical origin, 9 of which were of serotype 1/2b and 18 of serotype 4b. All had previously been implicated in either sporadic cases or outbreaks of invasive or gastroenteric listeriosis. The isolates from gastroenteric listeriosis were from 5 distinct episodes, 2 of which occurred in Italy [2, 7] and 1 each in Canada [6] , Denmark [4] and the United States [3] (the latter strains were kindly provided by J.M. Farber, Health Canada, Ottawa, Canada; P. Gerner-Smidt, Statens Serum Institut, Copenhagen, Denmark; and B. Swaminathan, Centers for Disease Control and Prevention, Atlanta, GA). L. monocytogenes ScottA, from a large outbreak of invasive listeriosis [20] , served as a virulent reference strain (provided by M.P. Doyle, University of Georgia, Griffin).
Three strains were of non-human origin: 2 were type strains from the ATCC collection and had originally been isolated from guinea pig (ATCC 43248) [21] and rabbit (ATCC 15313) [22] , whereas the remaining strain (L 285) was isolated at the ISS from turkey meat imported from Brazil. Strain ATCC 43248 was of serotype 1/2a, whereas it was not possible to serotype the other 2 strains with the specific commercial kit used (Listeria Antiserum kit; Denka Seiken, Tokyo, Japan).
All isolates had previously been confirmed as L. monocytogenes on the basis of the sugar fermentation patterns (API Listeria; BioMérieux, Marcy lÕEtoile, France), ELI-SA assay (Vidas L. monocytogenes; BioMérieux), and hemolysis on blood agar plates. However, the 3 strains of non-human origin were non-hemolytic. The atypical properties and lack of virulence of strains ATCC 43248 and ATCC 15313 had already been reported [23] : these two isolates were used as avirulent reference strains.
PCR amplification of virulence-associated genes and restriction-fragment length polymorphisms analysis
Extraction, purification and quantification of DNA from each strain were performed as previously described [24] . All of the primers used for specific PCR amplifications of the entire coding sequences of virulence-associated genes are reported in Table 2 . PCR reactions with each primer pair were carried out separately in a programmable thermal cycler (M.J. Research, Waltham, MA). A final volume of 50 ll was used, containing 1 ll of DNA, dNTPs at a final concentration of 200 lM each, 1.25 U of Taq-polymerase (Perkin-Elmer, Foster City, CA), and the buffer provided by the manufacturer. Primers and MgCl 2 concentrations were optimized for each gene amplification. The cycling conditions were those described by Vines et al. [25] . Ten microlitre of the amplified products was separated by electrophoresis in 1% agarose gel containing ethidium bromide, and visualized under UV.
The remaining positive PCR reaction volumes were purified by the QIAquick PCR Purification Kit (Qiagen, Hilden, Germany) and digested separately with 2 or 3 of the following endonucleases: AcsI, ClaI, DraI, HaeII, HindIII, PstI, SacI, SspI and XhoII (Roche Diagnostics, Penzberg, Germany). For each gene, the enzymes chosen were those, which according to the Webcutter 2.0 software (http://rna.lundberg.gu.se/cutter2/), were predicted to cut the sequence. The digested products were separated through electrophoresis in 2.5% agarose gel and subsequently visualized with ethidium bromide fluorescence.
PFGE typing
PFGE was performed according to the PulseNet standardized protocol [26] . DNA samples were cleaved in separate reactions and in the buffers provided by the manufacturers, with 10 U of AscI (New England BioLabs, Beverly, MA) at 37°C overnight; and with 20 U of ApaI (Roche Diagnostics), at 30°C overnight. The restriction fragments were separated in a CHEF-DR II apparatus (Bio-Rad Laboratories, Hercules, CA), through 1% Seakem Gold agarose gel (Cambrex, East Rutherford, NJ), in 0.5 X Tris-borate-EDTA buffer; switch times were ramped from 4 to 40 s over 22 h, at 14°C and 6 V/cm. Gels were stained with ethidium bromide (0.5 lg/ml) and observed in a GelDoc 2000 apparatus (Bio-Rad Laboratories). The similarity of macro-restriction patterns was determined using the Diversity Database software (BioRad Laboratories). Clustering was performed by applying the Dice coefficient and the unweighted pair-group method using arithmetic averages (UPGMA): an intra-linkage homology level of P80% (2% position tolerance) was chosen as the cut-off for defining the clusters.
Mouse virulence assays
(i) Intra-peritoneal (i.p.) inoculation. All strains were tested for virulence by the method described by Takeuchi et al. [27] . Briefly, each L. monocytogenes strain was injected i.p. into groups of 5 mice (ICR female, 16-20 g in weight) (Harlan, Oxon, UK) at a dose of about 10 9 CFU bacteria in 0.1 ml of sterile saline per mouse. Mice were observed over 5 days, and the number of deaths was recorded. All procedures involving animals were done in accordance with European Directive 86/609/EEC on the protection of animals used for experimental and other scientific purposes.
(ii) Intra-gastric (i.g.) inoculation. Six L. monocytogenes strains were tested for oral infectivity in a mouse model, as described by Czuprinski et al. [19] . Two of these isolates were from invasive listeriosis [L 2818 (serotype 1/2b) and ScottA (4b)] and 2 from gastroenteric listeriosis [L 254 (1/2b) and L 90 (4b)] : all 4 strains had been implicated in large outbreaks of listeriosis [2, 7, 20, 28] . The remaining 2 strains were ATCC 43248 and L 285, of nonhuman origin.
To prepare the oral inocula, strains were cultured in 100 ml of brain heart infusion (BHI) broth, at 37°C for 4 h: the optical densities were determined at 600 nm, and the number of CFU/ml was extrapolated from previously established growth curves. One ml of the broth-culture was centrifuged (5000 rpm at 4°C for 20 min), and the pellet was diluted with PBS to achieve 2 · 10 6 CFU/ml. The CFU concentra- tions of the inocula were confirmed by plating on blood agar. Prior to oral inoculation, female A/J mice (Harlan) were anesthetized by i.p. injection of sodium pentobarbital (0.54 mg per mouse, 18 g in weight). Groups of 5 mice were inoculated i.g., each with 0.5 ml of the bacterial suspension (10 6 cells) mixed with 0.3 ml of PBS containing 50 lg of CaCO 3 to neutralize the gastric acidity. Food and water were removed from the cages 5 h prior to the oral inoculation. Three days after the inoculation, the mice were sacrificed by cervical dislocation, and the intestine, liver, and spleen were aseptically removed, homogenized with sterile PBS, and plated in duplicate on Oxford plates. The CFU were quantified and data were expressed as the mean ± SEM log 10 CFU/g. Statistical analysis of data was performed using GraphPad Prism version 4 (GraphPad Software, San Diego, CA): specifically, the repeated-measures analysis of variance was applied, and P values <0.05 were considered as statistically significant.
Results
PCR-restriction-fragment length polymorphisms analysis of virulence-associated genes
PCR products of the 8 different virulence-associated genes (Table 1) were obtained with DNA from all Listeria strains considered in this study, except for strain ATCC 43248, which was negative for the prfA gene, and strain ATCC 15313, which produced no amplification products with primers for 7 genes (i.e., prfA, hly, mpl, actA, plcB, inlA and inlB).
All of the amplification products were of the expected size (Table 2) , except for the actA gene PCR products from 8 strains of serotypes 1/2b and 4b (2 of which were from gastroenteric listeriosis), which had molecular weights lower than expected (i.e., 1994 bp) (data not shown).
The PCR-RFLP types of the virulence-associated genes amplified from the Listeria strains are summarized in Table 1 . The highest degree of polymorphism was observed for the inlA and inlB genes. Restriction of inlB with AcsI, HaeII, and DraI divided the clinical isolates into 4 groups, 2 consisting of strains of serotype 1/2b and 2 consisting of strains of serotype 4b; within the strains of each serotype, no differentiation was apparent between the different forms of clinical listeriosis. Four different HindIII and ClaI patterns for inlA were produced among the clinical strains; 3 of the 5 isolates from gastroenteric listeriosis showed a PCR-RFLP pattern for the inlA gene identical to that produced by the invasive reference strain ScottA, whereas the other 2 isolates shared the same inlA gene PCR-RFLP patterns as other isolates from invasive listeriosis. Restriction of the actA gene with DraI revealed 2 different patterns among the clinical strains, which coincided with the different molecular sizes of the related PCR products; a third pattern was shared by the non-human strains L 285 and ATCC 43248 (Fig. 1) .
Combination of the PCR-RFLP patterns of the single virulence-associated genes produced 15 RFLP types: patterns 1-5 among the 9 strains of serotype 1/2b and patterns 6-12 among the 18 strains of serotype 4b. Some PCR-RFLP composite profiles included strains from both invasive and gastroenteric listeriosis ( Table 1) . The remaining 3 non-human strains showed distinct composite RFLP types.
PFGE typing
Of the 30 strains analyzed, 10 different clusters with a similarity level of P80% were generated by ApaI, and 13 by AscI (Table 1 ). Whereas clusters obtained by ApaI distinguished between 1/2b and 4b serotypes (Fig. 2) , one of the clusters produced by AscI (cluster 3) included strains of both serotypes. With both enzymes, 4 of the 5 strains from gastroenteric listeriosis clustered with several strains from invasive listeriosis; the one exception was strain F 60594, isolated from a small outbreak of gastroenteric listeriosis in Denmark, which produced a unique profile with the AscI enzyme only (Table 1) . Unique PFGE patterns were produced by each non-human isolate, with both enzymes.
Mouse virulence
All 5 mice inoculated i.p. with each isolate of clinical origin died within 5 days of challenge, confirming that all clinical strains were pathogenic. As expected, the reference avirulent strains ATCC 15313 and ATCC 43248 did not cause any deaths in the i.p. injected mice [21, 23] ; strain L 285 also did not cause any deaths and was thus designated as non-pathogenic. Table 3 shows the mean and SEM of log 10 CFU/g recovered from the intestines, livers, and spleens of mice inoculated i.g. with the clinical strains ScottA, L 90, L 2818, and L 254. Strains ATCC 43248 and L 285 were not recovered. As illustrated in Fig. 3 , there were no statistically significant differences (P > 0.05) in the quantity of CFU when comparing mice inoculated with strain ScottA (invasive) to those inoculated with strain L 90 (gastroenteric) (both serotype 4b). Similarly, there were no significant differences when comparing mice inoculated with strain L 2818 (invasive) to those inoculated with strain L 254 (gastroenteric) (both serotype 1/2b). However, the quantity of CFU was significantly higher for mice inoculated with strains L 2818 and L 254 (both serotype 1/2b), compared to those inoculated with strains ScottA and L 90 (both serotype 4b), yet only with respect to the CFU recovered from the intestine, and not from the liver or spleen.
Discussion
We compared L. monocytogenes strains isolated from episodes of invasive and gastroenteric listeriosis, the latter having occurred both in Europe and North America [2] [3] [4] 6, 7] , in order to determine whether they vary for molecular and experimental virulence. Since the gastroenteric isolates belonged to serotypes 1/2b and 4b, strains from invasive listeriosis of the same serotypes were selected for comparison. These serotypes, along with serotype 1/2a, are the most frequently involved in human cases of listeriosis [29] .
We first focused on the genetic polymorphism of 8 virulence-associated genes (i.e., prfA, plcA, hly, mpl, actA, plcB, inlA and inlB), encoding factors with crucial roles for the establishment of human listeriosis. Our results show quite a low degree of polymorphism, which was not correlated with the form of listeriosis that the strains had caused. The highest degree of polymorphism was observed for the inlB gene: based on the different inlB RFLP profiles, 2 subgroups each for serotypes 1/2b and 4b were distinguishable, confirming that the inlB gene can be a useful marker for differentiating among L. monocytogenes serotypes [30] . Nevertheless, the subgroups within serotypes did not correspond to the diverse clinical origins of the strains. Moreover, the PCR-RFLP analysis did not detect any differences between the inlA genes of invasive and gastroenteric isolates. A PCR-RFLP method to detect point mutations in the inlA gene of L. monocytogenes strains was recently developed by Rousseaux et al. [17] . The point mutations in the inlA gene lead to the expression of a truncated non-functional form of internalin, the virulence factor responsible for the internalization of L. monocytogenes by non-phagocytic cells [31] : the detection of the mutations predicts the inability of strains to invade the host cells. However, the endonucleases used by Rousseaux et al. [17] for the analysis of the inlA gene (AluI and Tsp509I) were different from those that we used (HindIII and ClaI): therefore, whether or not the L. monocytogenes strains implicated in gastroenteric listeriosis or other strains included in the present study produce a truncated internalin remains to be established.
Some actA gene PCR products had a lower than expected molecular size, together with peculiar RFLP profiles, although this was not related to the serotype or clinical origin of the strains. This result is consistent with previous studies reporting a 105 bp fragment deletion in the actA gene of some L. monocytogenes strains, which causes the loss of a proline-reach repeat region in the protein product without impairing its functionality [13, 32, 33] .
Two of the strains of non-human origin (ATCC 15313 and ATCC 43248) were negative for some virulence genes, which could either mean that the genes are absent from the genome of these strains or that their sequence is highly divergent in the primersÕ annealing sites. The remaining non-human strain (L 285) contained all 8 virulence-associated genes, yet all but one (plcB) produced RFLP patterns that were distinct from those of the clinical strains investigated.
According to the mouse i.p. virulence assay, all clinical strains were equally pathogenic, whereas the 2 ATCC strains were confirmed to be non-pathogenic, as was the third strain of non-human origin (L 285). Based on the overall results of the PCR-RFLP analysis and of the mouse i.p. virulence assay, we can conclude that our PCR-RFLP method allows virulent L. monocytogenes strains to be distinguished from avirulent strains; however, no substantial differences in the virulence-associated genes or in the level of expressed virulence were observed when comparing invasive isolates to gastroenteric.
We then compared the genomic DNA from the strains by PFGE analysis with 2 different endonucleases (ApaI and AscI). Both enzymes generated clusters that included strains from both invasive and gastroenteric listeriosis, regardless of their geographic or temporal origins. This result is consistent with the results of PCR-RFLP and with several phylogenetic studies, which have grouped serotypes 1/2b and 4b in the same genetic lineage [29] . Finally, we compared the oral infection rates of pentobarbital-treated A/J mice inoculated with invasive and gastroenteric isolates of serotypes 1/2b and 4b by measuring the bacterial load in the intestine, liver, and spleen 3 days after challenge. Although mice lack an efficient receptor (e-cadherin) for the internalin surface protein of L. monocytogenes and are thus not considered to be a suitable model for orally acquired listeriosis [31] , it has been shown that pentobarbital-treated A/J mice are susceptible to intra-gastric infection with L. monocytogenes [19] . Kim et al. [34] recently used this mouse model to detect invasiveness differences between epidemic and environmental strains of L. monocytogenes.
Our data show that the mean oral infectivity was comparable when comparing invasive strains to gastroenteric strains within the same serotype, suggesting that the strains share the ability to establish generalized infection after i.g. inoculation. However, there was a significant difference in the mean bacterial viable count in the intestine when comparing mice inoculated with serotype 4b strains to those inoculated with serotype 1/2b strains: specifically, for the 1/2b strains the mean viable count was higher than that in the inoculum (10 6 cells), whereas for the 4b strains it was lower. This finding may reflect a greater capacity of 1/2b strains to survive and multiply in the intestines of mice. Alternatively, it could be hypothesized that translocation through the gastrointestinal barrier is greater for serotype 4b strains. Isolates of serotype 4b, although not the most prevalent in contaminated food [29] , have been implicated in most outbreaks of listeriosis, yet whether or not such strains are more infective than others remains controversial [14, 35] .
The 2 avirulent strains were not recovered from any of the organs tested, substantiating both their total lack of pathogenicity and the suitability of pentobarbitaltreated A/J mice as a model for foodborne L. monocytogenes infection.
A high susceptibility to low pH values has been reported for an L. monocytogenes strain implicated in gastroenteritic listeriosis in the US, also included in the present study (strain G 6006) [35] : additional analyses are currently being performed to evaluate and compare the acid tolerance of L. monocytogenes strains of different clinical origins.
Using PCR-based fingerprinting techniques, we had previously found that the isolates of L. monocytogenes implicated in 2 outbreaks of gastroenteric listeriosis in Italy were genotypically distinct from other strains from different sources [28] . The molecular approach used in this work relied on the use of restriction enzymes that might not allow for the detection of in-frame mutations in the bacterial genome, which could possibly affect the virulence of strains. Moreover, although we analyzed 8 major virulence-associated genes, new genes essential for the virulence of L. monocytogenes isolates continue to be identified [36] . Nevertheless, the results of the molecular analyses were consistent with the results of experimental mice virulence assays.
The fact that the invasive and gastroenteric L. monocytogenes isolates included in this study share some genetic characteristics and the ability to cause systemic infection in mice does not necessarily imply that they are identical. Genome scanning using microarray analysis to detect genetic differences between invasive and gastroenteric strains of L. monocytogenes, and subsequent functional analysis of any eventual different regions, could provide answers to the question addressed in this study.
